Cladding-reduced fibers with elliptical cores can be used in the fabrication of fiber-optic sensors. Here we analyze the power transmission ratio in cladding reduced D-shaped optical fibers for the purpose of determining the cladding thickness, in a non-destructive manner, when the fibers have been etched to reduce their cladding thicknesses to allow interaction of the optical evanescent field with an external medium having a refractive index greater than the mode effective index of the fiber. Parameters needed to determine the cladding thickness are determined empirically using the measured power transmission ratio of a few calibration fibers. We show that one can estimate the cladding thickness by fitting the measured transmission ratio curves for the fiber of interest to the curves generated for the calibration fibers.
INTRODUCTION
D-SHAPED optical fibers are commonly used in the fabrication of evanescent wave-based fiber-optic sensors 1, 2, 3, 4, 5 . Typically, the cladding thickness of such fibers is reduced by etching in hydrofluoric acid to allow access to the evanescent field. The etch rate depends on factors such as the acid concentration, temperature, humidity, composition of the cladding material and the fiber batch 6 . Due to these variables, timed etches are not very accurate and a more accurate and reliable method is needed to control the etch depth.
There have been several methods proposed to determine the cladding thickness of D-fibers and/or the polish depth of side-polished fibers. For example, several liquids having various refractive indices are dropped onto a side-polished fiber and the resulting power loss of the fiber for each liquid is fit to a model to determine the polish depth 7 . An in-situ method is presented whereby the birefringence of a polarization-maintaining D-fiber is monitored while being etched 8 . This method is limited to cladding thicknesses of about 1.5 µm or less. We have previously demonstrated a nondestructive method to determine the cladding thickness of a step-index D-shaped optical fiber using a thermo-optic oil and three temperature measurements 9 . The measured power transmission ratio of the D-fiber immersed in a thermo-optic oil is fit to a theoretical model that is based on a method proposed by Sharma et al. 10 .
In this paper we make an additional modification to Sharma's method to account for a particular D-fiber's actual refractive index distribution. We use an empirical parameter in the model obtained by fitting two measured responses for the particular fiber to the model. Fig. 1 shows the cross section (not to scale) of the D-fiber used in our work (obtained from KVH Industries). The fiber has a nominally elliptical core of semimajor axis a and semiminor axis b with its major axis parallel to the fiber flat. The core is approximately 4 µm wide and 2 µm thick with its center located approximately 14 µm below the fiber flat. The core has a graded index and is surrounded by a fluorine-doped cladding. There exists a small undoped silica circular region in the center of the core, known as a vapour spot, which is an artifact of the fabrication process 11, 12 . The exact profiles of the graded index of the core and of the vapor spot are not known. The cladding thickness, d, is defined as the minimum distance between the fiber core edge and the fiber flat. The fiber is polarization-maintaining. In a typical optical fiber, the cladding refractive index n cl is less than the core refractive index n co and the mode effective index n eff lies between n cl and n co . In the case of a D-fiber immersed in an external medium, having a refractive index n ext , the fiber mode becomes leaky when n ext > n eff . To model the fiber immersed in an external medium, we first replace the elliptical core with an equivalent planar waveguide, as described by Sharma et al. This equivalent planar waveguide is then extended to a four-layer planar waveguide to take into account the external medium, which acts as a semiinfinite superstrate. For the case where n ext > n eff , the mode becomes leaky and its propagation constant is complex with real and imaginary parts β r and β i , respectively. The TE 0 mode's propagation constant for the four-layer waveguide is given analytically by Thyagarajan et al. 13 The power transmission ratio, T P , can then be written in terms of the power into, P in , and the power out of, P out , a section of fiber of length L, as
DESCRIPTION OF THEORETICAL MODEL
The empirical formulas provided by Sharma have been demonstrated for circular step-index profile fibers. The technique matches, as far as possible, the modal fields in the direction of interaction (the x-direction, see Fig. 1 ) and the propagation constants of the circular fiber and its equivalent planar waveguide. Fig. 2 shows schematically the circular core superimposed on its equivalent planar waveguide (identified by the dashed lines) along with their respective core dimensions and refractive index distributions.
Sharma's empirical formulas for σ, n x1 and n x2 are repeated here for convenience (   2  2  2  2  1   2  2   2  2  2  2  2 Here, to model our D-fiber immersed in an external medium, we start by applying Sharma's technique to our D-fiber, assuming a step-index profile. The resulting equivalent planar waveguide has a propagation constant β EPW and a modal field Ψ EPW (x). To verify Sharma's technique, the commercially available waveguide modelling software BeamPROP™ was used to model the step-index D-fiber. The propagation constant determined using BeamPROP™ was virtually identical to β EPW , verifying that Sharma's model matches the propagation constant well for an elliptical step-index profile fiber. The modal fields, however, are not well matched, requiring a modification as described below.
According to Sharma's technique, the thickness of the cladding layer of the four-layer waveguide, d′, should be d + (1-σ)b (see Fig. 2 ). However, to take into account the poor match between the modal fields of the actual D-fiber and its equivalent planar waveguide we propose shifting the D-fiber's equivalent planar waveguide. We propose that d′ = d + d shift , where d shift is empirically determined for a particular fiber. The shift of the modal field achieves a better match between the portion of optical power that penetrates into the external medium in the model and that which penetrates into the external medium in the actual fiber. Fig. 3 shows a schematic of an elliptical core fiber and its equivalent planar waveguide (identified by the dashed lines) with a positive shift. 
DETERMINATION OF d shift
To determine d shift , we used the measured transmission ratio of two sections of D-fiber, both taken from a single longer fiber, that were etched so that each section had a different cladding thickness from the other one. In particular, we used one section with a shallow etch and one with a deep etch. To demonstrate the method, we used the five fiber sections, all taken from the same fiber, that were used in our previous work 9 . After measuring their transmission ratios, the sections were cleaved through the centers of their etched regions and scanning electron microscope (SEM) images were used to determine their respective cladding thicknesses. The experimental technique involves the measurement of the transmission ratio, T P and the slope, M P of the transmission ratio at 25 o C 9 . T P and M P are then fit to the model by using d and b as fitting parameters. The semiminor axis b plays a role in determining the power transmission ratio and is needed as a fitting parameter to determine the cladding thickness 9 . The resulting d and b values that give the best fit, in a least squares sense, between the measured and calculated transmission ratios and their slopes are d fit and b fit . Table 1 shows the measured transmission ratios, their slopes and the cladding thicknesses measured using the SEM images, d SEM , for the five fiber sections used in this work. To start with, we fit the measured transmission ratio and slope of each section to the model and determined a b fit and d shift value so that d fit = d SEM for each section. Shown in Table 2 are the model parameters required such that d fit = d SEM for each section. 
The transmission ratio and slope values of each of the five sections were fit to the model 9 using (4) to calculate d shift . The results are shown in Table 3 . Since we used S1 and S5 as the calibration sections, the ∆d 's (∆d = |d SEM -d fit |) for S1 and S5 are zero and for the other three sections are 0.3 µm, which is an improvement over our previously reported results 9 , demonstrating that a calibration using one shallow and one deep etched section to determine d shift gives good results. Clearly there are three other possible combinations of deep and shallow etched sections that could have been used to obtain a linear function for d shift . However, upon inspection of Table 1 , it is evident that the transmission ratio values of S4 and S5 do not fit the general trend of decreasing transmission with decreasing cladding thickness. Based on modelled transmission curves, we suspect that either the measured transmission ratio, slope or cladding thickness of S4 is incorrect and will not use it as a calibration section. Table 4 shows the results of using S2 and S5 as the shallow and deep etch calibration section, respectively. 
CONCLUSION
We have presented a method for determining the cladding thickness, after being reduced by etching, in elliptical core D-shaped fibers. The measured transmission ratio and slope of an etched fiber can be fit to a model to determine it's cladding thickness. An empirical parameter used in the model is first determined using two calibration sections of the fiber. We show that a shallow etch and a deep etch calibration section can be used to determine the empirical parameter, d shift . Comparisons of the differences between the cladding thicknesses as measured using SEM images and those determined using the present method illustrate the effectiveness of the method presented.
